Dynamic two-stage mechanism of versatile DNA damage recognition by xeroderma pigmentosum group C protein by Clement, F C et al.
University of Zurich
Zurich Open Repository and Archive
Winterthurerstr. 190
CH-8057 Zurich
http://www.zora.uzh.ch
Year: 2010
Dynamic two-stage mechanism of versatile DNA damage
recognition by xeroderma pigmentosum group C protein
Clement, F C; Camenisch, U; Fei, J; Kaczmarek, N; Mathieu, N; Naegeli, H
Clement, F C; Camenisch, U; Fei, J; Kaczmarek, N; Mathieu, N; Naegeli, H (2010). Dynamic two-stage mechanism
of versatile DNA damage recognition by xeroderma pigmentosum group C protein. Mutation Research,
685(1-2):21-28.
Postprint available at:
http://www.zora.uzh.ch
Posted at the Zurich Open Repository and Archive, University of Zurich.
http://www.zora.uzh.ch
Originally published at:
Mutation Research 2010, 685(1-2):21-28.
Clement, F C; Camenisch, U; Fei, J; Kaczmarek, N; Mathieu, N; Naegeli, H (2010). Dynamic two-stage mechanism
of versatile DNA damage recognition by xeroderma pigmentosum group C protein. Mutation Research,
685(1-2):21-28.
Postprint available at:
http://www.zora.uzh.ch
Posted at the Zurich Open Repository and Archive, University of Zurich.
http://www.zora.uzh.ch
Originally published at:
Mutation Research 2010, 685(1-2):21-28.
 1 
Dynamic two-stage mechanism of versatile DNA damage recognition by xeroderma 
pigmentosum group C protein 
 
Flurina Clement, Ulrike Camenisch, Jia Fei, Nina Kaczmarek, Nadine Mathieu, Hanspeter 
Naegeli* 
 
Institute of Pharmacology and Toxicology, University of Zürich-Vetsuisse, 
Winterthurerstrasse 260, CH-8057 Zürich, Switzerland 
 
*Corresponding author. Tel.: +41-44-635 87 63; fax +41-44-635 89 10. 
E-mail address: naegelih@vetpharm.uzh.ch 
 
 2 
ABSTRACT 
The recognition and subsequent repair of DNA damage are essential reactions for the 
maintenance of genome stability. A key general sensor of DNA lesions is xeroderma 
pigmentosum group C (XPC) protein, which recognizes a wide variety of helix-distorting 
DNA adducts arising from ultraviolet (UV) radiation, genotoxic chemicals and reactive 
metabolic byproducts. By detecting damaged DNA sites, this unique molecular sensor 
initiates the global genome repair (GGR) pathway, which allows for the removal of all the 
aforementioned lesions by a limited repertoire of excision factors. A faulty GGR activity 
causes the accumulation of DNA adducts leading to mutagenesis, carcinogenesis, 
neurological degeneration and other traits of premature aging. Recent findings indicate that 
XPC protein achieves its extraordinary substrate versatility by an entirely indirect readout 
strategy implemented in two clearly discernible stages. First, the XPC subunit uses a dynamic 
sensor interface to monitor the double helix for the presence of non-hydrogen-bonded bases. 
This initial screening generates a transient nucleoprotein intermediate that subsequently 
matures into the ultimate recognition complex by trapping undamaged nucleotides in the 
abnormally oscillating native strand, in a way that no direct contacts are made between XPC 
protein and the offending lesion itself. It remains to be elucidated how accessory factors like 
Rad23B, centrin-2 or the UV-damaged DNA-binding complex contribute to this dynamic 
two-stage quality control process. 
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CPDs, cyclobutane pyrimidine dimers; ERCC1; excision repair cross complementing-1; 
GGR, global genome repair; NER, nucleotide excision repair; PCNA, proliferating cell 
nuclear antigen; RFC, replication factor C; RPA, replication protein A; TGD, 
transglutaminase homology domain; TFIIH, transcription factor IIH; UV, ultraviolet; UV-
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1. Introduction 
Nucleotide excision repair (NER) is a central component of the DNA damage response 
network that protects the genetic integrity against permanent attacks from both environmental 
mutagens and endogenous reactive metabolites. In humans, NER is the only system that 
promotes the error-free removal of UV-induced crosslinks between adjacent bases, mainly  
(6-4) pyrimidine-pyrimidone photoproducts (6-4PPs) and cyclobutane pyrimidine dimers 
(CPDs) [1-4]. The same excision system eliminates other intrastrand crosslinks, produced for 
example by the antitumor drug cisplatin, and a wide diversity of bulky carcinogen-DNA 
adducts. In addition, this versatile reaction eliminates a subset of oxidative base lesions like 
8,5’-cyclopurine nucleosides, which are not amenable to excision by DNA glycosylases [5,6], 
as well as DNA adducts formed from lipid peroxidation products such as malondialdehyde 
[7]. A common feature of these different lesions channeled into the same repair pathway is 
their ability to cause helical distortions, leading to abnormal oscillations of non-hydrogen-
bonded nucleotides primarily in the undamaged strand [8]. 
The NER process operates in two distinct subpathways that differ only in the initial 
mechanism of DNA damage recognition. One subpathway, known as transcription-coupled 
repair, takes place when the transcriptional activity is obstructed by DNA lesions in the 
transcribed strand (reviewed by Hanawalt and Spivak [9]). In contrast, the global genome 
repair (GGR) subpathway is triggered by the recognition of damaged sites anywhere in the 
genome, including non-transcribed strands and silent chromatin regions (reviewed by 
Friedberg [10]). Many core factors participating in the GGR reaction are encoded by genes 
that, when mutated, give rise to xeroderma pigmentosum (XP), an autosomal recessive 
disorder characterized by photosensitivity, skin atrophy, hyperpigmentation and sunlight-
induced skin cancer [1,2]. XP patients also have an increased risk of developing internal 
tumors and the disease is often associated with neurological manifestations attributable to 
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oxidative damage [5-7]. Indeed, various clinical and pathological features of XP patients are 
similar to those seen in elderly people and, hence, reflect premature aging triggered by the 
accumulation of unrepaired DNA lesions [11]. 
Over 30 gene products are employed in the GGR pathway, which is thought to proceed by 
the stepwise assembly of a multiprotein excision machinery, followed by the recruitment of 
dedicated DNA synthesis and DNA ligation factors [1,4,10]. In higher eukaryotes, this 
sequential reaction is initiated by a versatile DNA damage sensor composed of XPC, Rad23B 
and centrin-2 [12,13]. XPC is the actual sensor subunit of this initiator complex, whereas 
Rad23B and centrin-2 exert accessory functions (see section 3). The present review addresses 
the central question of how XPC protein examines the Watson-Crick double helix to search 
for base lesions and how this factor faces the task of actually finding rare sites of DNA 
damage among the vast excess of native DNA in a typical mammalian genome. 
 
2. Overview of the GGR pathway 
Individual steps of the GGR reaction, i.e., DNA damage sensing, local DNA melting, 
dual DNA incision, damage excision, repair patch synthesis and DNA ligation are illustrated 
in Fig. 1. Upon recognition of lesion sites, the XPC complex acts as a landing platform for 
the recruitment of TFIIH, which among its 10 subunits comprises the two DNA helicases 
XPB and XPD responsible for strand separation. Further GGR players that are sequentially 
recruited to target sites include XPA, RPA, XPG and, finally, XPF-ERCC1 [14,15]. The 
DNA unwinding activity of TFIIH generates a central nucleoprotein intermediate, in which 
the duplex undergoes partial melting by about 25 nucleotides [16-18]. This open intermediate 
is framed by “Y-shaped” double- to single-stranded junctions, which constitute a preferred 
substrate for the structure-specific DNA endonucleases XPF and XPG [19,20]. The 5’ 
incision by XPF-ERCC1 precedes the 3’ incision by XPG [21]. Through double cleavage of 
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the damaged strand, the combined action of these two endonucleases leads to excision of the 
offending lesion in the form of an oligonucleotide segment of 24-32 residues [22,23]. Duplex 
integrity is reestablished by the action of DNA polymerases δ, ε and κ [24,25], in conjunction 
with RFC and PCNA. This DNA repair synthesis is carried out in line with the initial 5’ 
incision, thus avoiding that excision of an oligonucleotide fragment causes the transient 
exposure of single-stranded DNA, which is at risk to be converted to a double-stranded break 
by inadvertent nuclease activity [21]. Finally, the newly synthesized repair patch is joined to 
the pre-existing strand by DNA ligase I and DNA ligase III [26,27]. 
 
3. Initiation of GGR activity by the XPC complex 
In the cellular context, the XPC polypeptide (125 kDa) is found in association with 
Rad23B, a 58-kDa homolog of the yeast Rad23 protein [28], and centrin-2, a 18-kDa 
centrosomal factor [29]. XPC protein itself possesses DNA-binding activity, whereas the 
ubiquitin-binding Rad23B and the calcium-binding centrin-2 protect the initiator complex 
from degradation and stimulate its activity in DNA repair [28,30]. In double-mutant mouse 
cells lacking Rad23B as well as the functionally redundant Rad23A ortholog, XPC protein is 
completely degraded by proteasomal activity [31]. 
The XPC subunit alone or in combination with Rad23B binds preferentially to damaged 
DNA substrates containing, for example, 6-4PPs, B[a]P diol epoxide adducts, 
acetylaminofluorene adducts or cisplatin crosslinks [32-34]. More detailed biochemical 
analyses with defined nucleic acid substrates revealed that XPC protein displays a general 
affinity for DNA sites that deviate from the canonical Watson-Crick geometry, including 
single-stranded loops, mismatched bubbles or single-stranded overhangs [35,36]. According 
to scanning force microscopy studies, the binding of XPC protein to DNA induces a kink of 
39-49º in the nucleic acid backbone regardless of whether the substrate is damaged or not 
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[37]. Permanganate footprinting studies demonstrate that the observed sharp bending is 
accompanied by partial melting of the duplex extending over 4-7 base pairs [34,38]. 
These conformational changes in the DNA helix have been further examined at atomic 
resolution by crystallization of parts of Rad4 protein, a yeast ortholog that shares ~40% 
similarity and ~25% identity with the human XPC sequence. In co-crystals with heteroduplex 
DNA carrying a single CPD, Rad4 protein binds to the substrate in a bimodal manner [39]. 
One portion of Rad4 protein, consisting of its large transglutaminase homology domain 
(TGD) in conjunction with a short β-hairpin domain (BHD1), forms a C-clamp-like structure 
that interacts with 11 base pairs of native double-stranded DNA located on the 3’ side of the 
lesion (Fig. 2A). The TGD region, which provides one tip of the C-clamp, displays an 
intriguing similarity to the transglutaminase fold of peptide-N-glycanases that remove glycan 
modifications from proteins. Unlike other members of this enzyme family, however, Rad4 
lacks the predicted catalytic triad (Cys-His-Asp) [40]. As illustrated in the scheme of Fig. 2B, 
the homologous TGD segment of human XPC protein is separated into two individual parts 
by a disordered ~180 residue insertion [41]. 
Another portion of Rad4 protein, composed of the β-hairpin domains BHD2 and BHD3, 
folds into a hand-like structure that associates with a 4-nucleotide DNA segment at the lesion 
site. As will be discussed in section 4 below, most of these interactions made by 
BHD2/BHD3 are van der Waals contacts with the undamaged strand of the substrate. We 
previously found that there is ~75% amino acid similarity and ~30% identity between this 
central DNA-binding region of XPC protein (Fig. 2B) and the oligonucleotide/ 
oligosaccharide-binding fold (OB-fold) of RPA-B, one of the single-stranded DNA-binding 
motifs of human RPA [42]. Such an intriguing sequence similarity extends to two OB-folds 
of breast cancer protein-2, another factor with selectivity for single-stranded conformations, 
thus suggesting that the damage sensor core of XPC protein may have emerged during 
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evolution from an ancient single-stranded DNA binding protein. 
In proximity to the CPD lesion, the Rad4 protein-DNA structure is characterized by two 
characteristic features (Fig. 2A). First, a long β-hairpin protruding from BHD3 is inserted 
into the double helix, thus inducing a kink of 42º in the DNA backbone. Second, this β-
hairpin invasion causes extrahelical displacements involving not only the crosslinked 
pyrimidines, making up the CPD, but also the opposing native bases in the undamaged strand 
(Fig. 2A). Each one of these flipped-out normal residues is sandwiched between aromatic 
side chains provided by the BHD2/BHD3 motifs. Finally, the crystallized Rad4 complex also 
includes a polypeptide fragment representing Rad23 protein and, therefore, has been able to 
solve the previous ambiguity [43,44] over the precise amino acids mediating the Rad4-Rad23 
association. In fact, the incorporated Rad23 polypeptide interacts with several residues 
mapping to the beginning and the end of the TGD region, in the N-terminal region of Rad4. 
These particular Rad4-Rad23 interaction sites are consistent with an earlier report 
demonstrating that an XPC fragment extending from residues 607 to 940, not containing the 
TGD region, fails to form complexes with the human Rad23 homolog [44]. The N-terminal 
region of human XPC is responsible for an association with XPA [41]. On the other hand, the 
carboxy-terminal tail of XPC protein harbors domains that interact with centrin-2 (residues 
847-863) and TFIIH (residues 816-940) [30,44]. 
 
4. The molecular basis for substrate versatility 
A long unanswered question has been the mechanism by which Rad4/XPC protein 
achieves its ability to detect a wide spectrum of damaged substrates. There is no common 
chemical feature of the different DNA adducts that would permit a classic “lock and key” 
recognition scheme. Instead, the observed substrate versatility of the GGR pathway implies 
that its promiscuous initiator, XPC protein, acts by recognizing damage-induced distortions 
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of the DNA helix rather than specific base modifications. In support of this hypothesis, it has 
been observed that the GGR system exhibits a general preference for base adducts that lower 
the melting temperature of double-stranded DNA [45], suggesting that XPC protein may 
detect the single-stranded character of damaged sites carrying bulky lesions. However, not in 
all cases the degree of duplex destabilization correlates with excision efficiency. For 
example, the more helix-destabilizing (+)- or (–)-trans-B[a]P-dG adducts are excised at 
lower rates in reconstituted GGR systems compared to their (+)- or (–)-cis-B[a]P-dG isomers, 
where the pyrenyl ring moiety exerts helix-stabilizing effects by intercalating between 
neighboring base pairs [34,46]. 
A straightforward approach to address the mechanism of bulky lesion recognition has 
been to identify a critical structural determinant of damaged DNA that provides the initial 
binding site for the assembly of GGR complexes. Towards that goal, Hess et al. [47] 
constructed a series of synthetic DNA duplexes to show that a non-distorting adduct is only 
amenable to excision in a reconstituted GGR system when the substrate also contains a DNA 
bulge generated by the insertion of 1-3 base pair mismatches. Subsequently, Buterin et al. 
[48] elaborated on this molecular strategy to generate substrates where a non-distorting 
adduct is accompanied by local duplex deformations in opposite directions relative to the 
long axis of DNA. They discovered that the target adduct becomes refractory to GGR activity 
when, by deletion of 3 nucleotides in the undamaged strand, only the adduct-carrying 
sequence is bulged out of the double helix. In contrast, the same non-distorting adduct is 
efficiently excised when, by insertion of 3 nucleotides in the undamaged strand, the opposing 
native strand is bulged out of the double helix. These findings obtained with artificial 
constructs were confirmed by the observation that at least one destabilized nucleotide in the 
undamaged strand is necessary to attract the GGR system to B[a]P or acetylaminofluorene 
carcinogen-DNA adducts. Also, excision activity was suppressed by various backbone or 
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base modifications introduced in the undamaged strand across lesion sites indicating that 
adduct removal involves intimate contacts with the distorted but chemically intact 
complementary strand [48]. 
Collectively, these findings converge on the conclusion that XPC protein initiates the 
GGR reaction by detecting non-hydrogen-bonded bases on the undamaged side of the double 
helix. In agreement with the identification of an amino acid sequence related to single-
stranded DNA-binding motifs (see section 3), we found that purified XPC protein indeed 
displays a strong preference for single-stranded oligonucleotides over duplexes of the same 
length. Surprisingly, XPC exhibits an unfavorable binding to damaged single-stranded 
oligonucleotides compared to the more efficient interaction with native counterparts [33,42]. 
This exquisite affinity for single-stranded conformations, in combination with its aversion to 
interact with damaged single strands, confirms that XPC protein binds primarily to non-
hybridizing nucleotides in the undamaged strand, where it makes close interactions with 
backbone moieties and bases of the normal complementary sequence, in order to load 
downstream GGR subunits onto damaged substrates. This mechanism has been defined as 
“indirect conformational readout” because XPC protein detects an abnormal conformational 
feature in the undamaged strand rather than recognizing specifically modified groups in the 
damaged sequence [42]. Further support for this unprecedented mode of DNA lesion 
recognition has been provided by the Rad4 crystal structure, where the BHD2/BHD3 region 
interacting with the target site makes contacts exclusively with the native complementary 
strand (Fig. 2A). Conversely, absolutely no interactions occur between Rad4 protein and the 
modified bases, which are expelled from the recognition complex [39]. This inverted mode of 
DNA quality control presents the obvious advantage that the initial sensor does not need to 
recognize the adducts themselves and, as outlined before, actually avoids close contacts with 
damaged residues. The general affinity for destabilized DNA sites may facilitate other 
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excision repair processes, as XPC has been shown to interact with 3-methyladenine DNA 
glycosylase [49], thymine DNA glycosylase [50] and 8-oxoguanine DNA glycosylase [6]. It 
is relevant to note that even a subtle 8-oxoguanine lesion perturbs the thermodynamic 
stability of the duplex [51]. Accordingly, the XPC complex may provide a molecular 
platform not only for the loading of GGR players onto damaged DNA, but also for the 
recruitment of a battery of enzymes involved in base excision or other repair pathways. 
 
5. Dynamic search for DNA lesions in the physiologic chromatin context 
In cultured mammalian cells, the nuclear distribution of XPC protein correlates with the 
degree of DNA condensation yielding a typical chromatin-like pattern. Photobleaching 
experiments indicate that this non-homogenous distribution reflects a tight association with 
native DNA. In fact, unlike other GGR subunits, XPC protein is not freely mobile in the 
nuclear compartment, presumably due to constitutive interactions with the normal DNA helix 
[52,53]. 
The apparently tight association of XPC protein with undamaged DNA raises the question 
of how this recognition factor scrutinizes the genome to detect rare aberrant sites among a 
vast background of the native nucleic acid. In order to address this fundamental issue, we 
took advantage of fluorescence-based imaging techniques to visualize the mobility of XPC 
molecules at work in the chromatin context. Real-time kinetics (based on laser-induced high-
resolution tracks of UV lesions) and protein dynamics studies (based on fluorescence 
recovery after photobleaching) were combined to bidirectional truncation analyses, thus 
revealing that a surprisingly short recognition hotspot, comprising ~15% of human XPC, is 
necessary and sufficient to detect UV lesions in living cells [54]. This minimal sensor 
interface of human XPC includes BHD1 and BHD2, together with a short adjacent motif that 
folds into a β-turn structure (Fig. 2B), but not BHD3, which was thought to represent the 
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primary lesion recognition module on the basis of the Rad4 crystal structure [39]. On its own, 
a purified polypeptide fragment consisting only of BHD1 and BHD2 displays a preference 
for heteroduplex over homoduplex and single-stranded oligonucleotides, confirming that the 
newly identified minimal sensor interface recognizes damaged sites using its inherent affinity 
for non-hydrogen-bonded bases. However, in living cells, the efficacy of this minimal 
recognition hotspot depends on the DNA-repulsive action exerted by an additional motif that 
coincides with the adjacent β-turn structure [54]. 
In brief, the evidence for a dynamic DNA-repulsive role of the β-turn motif (residues 
742-766) in enhancing the efficiency of DNA damage recognition is as follows. First, C-
terminal XPC truncates containing this motif display a residual GGR activity, determined by 
host-cell reactivation assays, that is missing with shorter truncates lacking the β-turn 
sequence. Second, the partial GGR proficiency observed in the presence of the β-turn 
structure correlates with a more efficient relocation to tracks of UV lesions. Third, protein 
dynamics assays performed by photobleaching demonstrate that the β-turn motif confers an 
increased nuclear mobility in living cells. Fourth, again in photobleaching experiments, only 
the nuclear mobility of C-terminal XPC truncates containing the β-turn motif is retarded upon 
UV irradiation, confirming that this critical subdomain increases the rate of DNA damage 
recognition. Fifth, as outlined before, a polypeptide fragment comprising BHD1 and BHD2 
acts as a minimal sensor of DNA damage in living cells only in conjunction with the 
accompanying β-turn structure. Sixth, biochemical experiments indicate that the nuclear 
mobility mediated by this β-turn structure is the consequence of a repulsion from native 
double-stranded DNA. Finally, in the context of full-length XPC protein, the dynamic role of 
this β-turn structure is supported by a site-directed glutamic acid to lysine substitution. This 
charge inversion was introduced on the assumption that it may mitigate repulsive electrostatic 
forces between the negatively charged protein side chain and phosphate moieties in the DNA 
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backbone. As expected, the tested charge inversion increases the affinity for native DNA, 
thus generating mutant XPC molecules that display a reduced nuclear mobility and 
diminished GGR activity [54]. In conclusion, these novel findings converge on a key role of 
the β-turn structure in regulating the dynamic interplay with normal duplex DNA. By virtue 
of its DNA-repellent activity, this subdomain facilitates damage recognition by providing 
sufficient mobility to XPC molecules searching for lesions in the genome. 
 
6. Two-stage discrimination process 
Although the BHD3 segment of XPC protein and its long protruding β-hairpin are not 
required for the initial damage sensing process (section 5), photobleaching experiments in 
living cells demonstrate that this additional domain is responsible for the formation of stable 
nucleoprotein complexes, thus generating an immobile fraction of XPC protein in response to 
UV irradiation [54]. The biochemical analysis of purified fragments shows that, in contrast to 
the BHD1/BHD2/β-turn minimal sensor, which displays a preference for non-hydrogen-
bonded bases in duplex DNA, BHD3 confers an exquisite selectivity for single-stranded 
DNA conformations. In fact, like full-length XPC protein [42], a polypeptide fragment 
covering BHD1-BHD3 binds preferentially to single-stranded oligonucleotides. From these 
findings, it appears that BHD3 does not participate in the early and transient recognition 
intermediate but, instead, facilitates the subsequent stabilization of a repair-initiating 
nucleoprotein complex using its single-stranded DNA-binding activity to encircle the 
undamaged strand across lesion sites. 
Taken together, our recent studies of XPC kinetics and dynamics point to a two-stage 
discrimination mechanism by which XPC protein carries out its versatile recognition function 
(Fig. 3). This two-stage process obviates the difficulty of probing every genomic base pair for 
its susceptibility to undergo β-hairpin insertion, which is one of the principal features of the 
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reported Rad4 crystal structure [39]. Instead, the rapid and energetically less demanding 
search conducted by the dynamic BHD1/BHD2/β-turn interface is likely to precede the more 
extensive conformational adjustments required for the β-hairpin intrusion. As illustrated in 
Fig. 3, this initial search leads to the detection of non-hydrogen-bonded bases that are more 
prone than native residues to be displaced from the double helix by engagement of the β-
hairpin. A critical step of this two-stage quality control process is the transition from an 
initially labile sensor intermediate to the more stable ultimate recognition complex. It is likely 
that the energetic cost of this nucleoprotein transition is lowered by damage-induced strand 
oscillations appearing primarily on the undamaged side of the double helix [8], thus 
displacing the unstable nucleotides into an extrahelical position where they are easily 
captured by the single-stranded DNA-binding motif of XPC protein. However, it is also 
possible that Rad23B or centrin-2 may promote the two-stage discrimination process of XPC 
protein by accelerating the nucleoprotein rearrangements required for engagement of the β-
hairpin with damaged sites. 
 
7. The special case of CPD recognition 
Another interaction partner of XPC is the UV-damaged DNA-binding (UV-DDB) 
protein. This factor has been isolated from tissue extracts in view of its characteristic binding 
to UV-irradiated DNA [55] and, indeed, UV-DDB displays the highest reported affinity for 
substrates containing 6-4PPs and CPDs [56-58]. UV-DDB consists of p127 (DDB1) and p48 
(DDB2), with the small subunit being encoded by the XPE gene [59-61]. A recent 
crystallographic analysis demonstrated that the binding of UV-DDB to UV lesions is entirely 
mediated by the DDB2 subunit, which accommodates the crosslinked pyrimidines into a 
specialized binding pocket and inserts a three-amino acid hairpin into the DNA minor groove 
[62]. DDB1, on the other hand, is an adaptor that connects the Cul4A-RBX1 ubiquitin ligase 
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to WD40-repeat target proteins [63,64], including DDB2 itself [65,66]. Other known 
substrates of the Cul4A-RBX1-DDB1 ubiquitin ligase include XPC [67] as well as the core 
histones H2A, H3 and H4 [68,69]. 
Although CPDs represent the most frequent lesions generated by sunlight, this particular 
type of DNA injury escapes direct detection by the XPC complex because it causes only a 
low degree of structural perturbation. The problem of CPD recognition is exemplified by XP-
E cells, which are heavily compromised in the repair of CPDs due to their defective UV-DDB 
activity, but nevertheless retain the ability to excise 6-4PPs [71]. Similarly, rodent cells that 
fail to express DDB2 protein, as a consequence of promoter methylation, are inefficient in 
CPD repair [72]. The DDB2 subunit rapidly accumulates at sites of UV-induced DNA lesions 
and the recruitment of XPC protein to DNA repair foci containing exclusively CPDs is 
dependent on the UV-DDB complex [73,74]. Two major hypotheses have been forwarded for 
the mechanism by which UV-DDB contributes to the recognition of UV lesions. The 
handover hypothesis has been proposed on the basis of in vitro assays indicating that 
ubiquitin modulates the DNA-binding affinity of DDB2 and XPC [67]. In this scenario, UV-
DDB recognizes UV lesions and recruits XPC protein through direct protein-protein 
interactions. Subsequently, polyubiquitylation of DDB2 reduces its affinity for DNA and 
results in degradation, whereas polyubiquitylation of XPC preserves its affinity for the DNA 
substrate [67]. The chromatin remodeling hypothesis is prompted by the observation that 
DDB2 is not absolutely required for the excision of CPDs by reconstituted GGR systems 
using naked DNA as the substrate [74]. This finding may be taken as evidence in favor of a 
function of UV-DDB in mediating a local relaxation of chromatin, which in turn facilitates 
XPC binding to damaged sites [75,76]. Additionally, the recently discovered two-stage 
discrimination process of XPC protein (Fig. 3) raises the possibility that UV-DDB may act in 
an analogous two-step manner. First, UV-DDB may bypass the initial sensing process, which 
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is ineffective for CPDs, through direct XPC recruitment as postulated in the handover 
hypothesis. Subsequently, UV-DDB may coordinate the correct positioning of the BHD1-
BHD3 motifs onto the undamaged strand and trigger the β-hairpin insertion at CPD sites. 
 
8. Conclusion 
The earlier hypothesis that XPC protein simply detects the single-stranded character of 
lesion sites [42] has been revisited in light of recent findings that this versatile sensor adopts a 
two-stage mechanism of substrate discrimination [54]. As illustrated in Fig. 3, XPC protein 
deploys a dynamic interface to screen for non-hydrogen-bonded bases in duplex DNA before 
undergoing tight interactions mediated by its intrinsic single-stranded DNA-binding activity. 
Both stages of this substrate discrimination process are directed to the native complementary 
strand across lesion sites, such that this early recognition step becomes independent of the 
variable chemistry of damaged sites, thereby broadening the spectrum of DNA lesions that 
can be channeled into the versatile GGR system. It is important to point out that XPC protein 
detects non-hydrogen-bonded bases even in the absence of DNA lesions, implying the 
existence of “proofreading” or “damage verification” factors in the GGR pathway. Candidate 
mechanisms for this downstream function are the enzymatic scanning by DNA helicases [77] 
or the sensing of DNA bendability by XPA protein [78,79]. The participation of a scanning 
mechanism, involving active translocation along the DNA molecule, is supported by our 
observation that an effective double check process, leading to excision, still takes place on 
composite substrates where the site of XPC binding is physically dislocated from the target 
adduct [80]. 
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Figure legends 
 
Fig. 1. Mammalian GGR pathway. Target DNA sites containing an offending lesion, for 
example a UV-induced 6-4PP, are detected by the XPC-Rad23B-centrin-2 complex. 
Subsequently, this XPC complex triggers a sequential reaction involving local DNA 
unwinding by TFIIH, stabilization of the open intermediate by XPA-RPA and dual DNA 
incision by XPF-ERCC1 and XPG. Excision and DNA repair patch synthesis occur in a 
coordinated manner. After completion of this cut-and-patch process, the duplex integrity is 
restored by DNA ligation. 
 
Fig. 2. Structure of XPC protein inferred from the yeast (Saccaromyces cerevisiae) Rad4 
homolog. (A) Ribbon diagram of the crystal structure of a Rad4 protein fragment (residues 
123-632) in complex with heteroduplex DNA carrying a CPD lesion [39]. Multiple Rad4 
domains interact with the DNA substrate: TGD (gold), BHD1 (magenta), BHD2 (blue) and 
BHD3 (red). T-T denotes the CPD, which is totally expelled from the duplex. The figure was 
made with the Swiss-PdbViewer using the coordinates PDB 2QSG. (B) Scheme of the 
homologous domains in the human XPC sequence. Also shown are the region of sequence 
similarity with OB-folds [42], the domains involved in interactions with Rad23B [44], XPA 
[41], centrin-2 [30] and TFIIH [44], as well as the newly identified minimal DNA damage 
sensor interface [54]. 
 
Fig. 3. Two-stage detection of DNA lesions by XPC protein. (A) The minimal sensor 
interface, consisting of BHD1, BHD2 and the β-turn structure, scrutinizes base pair integrity 
and forms a labile nucleoprotein intermediate in the proximity to non-hydrogen-bonded 
bases. (B) The single-stranded DNA-binding activity of BHD3 promotes the subsequent 
 28 
transition to a stable recognition complex by capturing extrahelically oscillating nucleotides 
in the undamaged strand. 



